j Abstract Objective White matter hyperintensities (WMH) are common on brain MRI of the elderly. Their size ranges from punctate to early confluent to confluent lesions. While this increase in extension is frequently seen as evidence for a continuum of changes, histological data and clinical follow-up suggest differences in underlying pathology and their progression. Methods We tested this hypothesis by exploring the distributions of punctuate and confluent lesions using lesion probability maps (LPM) generated from MRI scans of 189 participants (mean age 60.8+/)6.2 years) in the Austrian Stroke Prevention Study. We dichotomised WMH according to the classification by Fazekas et al. [punctate (n=143) vs. early confluent and confluent (n=33)] to run voxel-based t-tests using permutation-based nonparametric inference. To test alternative hypotheses, we created similar LPM for age and arterial hypertension. Results We observed significant differences in the spatial distribution of lesions for the two WMH groups (p<0.01). Punctate lesions were more diffusely distributed throughout the cerebral white matter (peak probability~5%) relative to confluent lesions (peak probability 45%). Confluent lesions had greatest likelihood of being found in perfusion ''watershed'' regions. These differences in distribution could not be explained by differences in age or hypertension only, as both greater age and the diagnosis of hypertension were associated with WMH abutting the occipital horns. Conclusions Punctate and early confluent to confluent WMH show distinguishable differences in their spatial distribution within a normal elderly population. The pattern of punctate WMH is probably a consequence of mixed etiologies. Preferential localization of the more confluent WMH with arterial watershed areas implies a stronger ischemic component in their development.
j Key words ageing AE probability maps AE white matter hyperintensities AE white matter lesions AE cerebral small vessel disease [1] [2] [3] [4] [5] . Further clarification of the genesis of WMH is necessary if they are to be used as a surrogate marker for small vessel disease in future clinical trials [6] .
While important, the potential role of histopathology in elucidating the etiology of WMH is limited. There is only limited material with which to study the histopathological correlates of WMH [2, 7, 8] and when appropriate material is available, it is difficult to precisely co-localise small lesions on MRI and changes in histopathological sections. Also, a strong reporting bias towards uncommon etiologies of WMH must be anticipated in correlative histopathological investigations.
Complementary information, less biased towards extremes of pathology, can come from lesion probability maps (LPM) generated from MRI of living populations. LPM have proven to be a powerful tool for the in vivo study of lesion distributions in other white matter disorders [9] [10] [11] . LPM have also been used to characterise imaging changes in ageing cohorts both without [12] and with variable degrees of cognitive impairment [13] . Defining the distribution of lesions in white matter can potentially provide indirect clues regarding the mechanisms of lesion development.
Here, we wished to test whether WMH with different MRI appearance demonstrate different patterns of spatial distributions by generating separate LPM of different lesion grades from images for a large cohort of elderly, community-dwelling subjects without known neurological or psychiatric disease. As both the frequency and the extent of WMH appear to increase with age and hypertension [1, [14] [15] [16] [17] , we generated similar LPM dichotomized for age and the diagnosis of hypertension to evaluate the independent effects of these factors on WMH distribution.
Materials and methods
j Study cohort MRI scans of a subset of 189 participants (95 females and 94 males, mean age 60.8+/)6.2 years) in the Austrian Stroke Prevention Study (ASPS) which had been obtained at the time of risk-factor assessment at the baseline of this study were used to generate lesion probability maps as described below. The ASPS is a prospective single-centre study in community-dwelling volunteers aged 50-75 years without neuropsychiatric disease (for details concerning design, definition of risk factors and medical conditions see [18] . Here, arterial hypertension was defined as a history of arterial hypertension with repeated blood pressure readings of ‡140/ 90 mm Hg, if the readings at the examination exceeded these limits or if a subject was on antihypertensive medication [19] . Arterial hypertension was present in 99 subjects (52.4%) and 46 of those received antihypertensive medication. The study was approved by the local ethics committee. All participants gave written informed consent. The subject demographics of the entire study cohort and for subgroups according to WMH grade at baseline are presented in the Table 1 .
j MRI of the brain MRI of the brain was performed on 1.5 T scanners of the same manufacturer (Philips Medical Systems; Eindhoven, the Netherlands). We obtained axial T 2 -and proton-density weighted images (repetition time 2000 to 2500 ms; echo time 30 and 60 ms) and sagittal T 1 -weighted images (repetition time/echo time = 600/ 30 ms). Slice thickness was 5 mm and matrix size was 256·256 pixels.
j Identification, rating and segmentation of WMH Blinded to clinical information, CE identified white matter lesions comparing signal characteristics on all sequences, drew their outlines onto a transparency overlaid on hard-copies of proton-density weighted images, and graded the lesions in each brain scan according to the scheme of Fazekas et al. [20] as absent (n=13), punctate (n=143), early confluent (n=22), and confluent (n=11). Symmetrical hyperintense ''caps'' around the frontal horns and the appearance of a regular periventricular lining were disregarded as they have been shown to represent normal anatomical variants [2] . Signal alterations in the basal ganglia and pons also were disregarded. Particular attention was paid to avoid misclassification in case of Virchow-Robin spaces or lacunes [21] . Using these templates, lesion mask images were then created independently from the visual rating by a trained technician on proton-density weighted images with the DISPImage programme (Plummer DL, 1992) [22] .
j Lesion probability maps (LPM)
The original proton density-weighted images were registered to the Montreal Neurological Institute (MNI152) standard space image using affine registration with FLIRT (FMRIBs Linear Image Registration Tool) [23] . The resulting transforms were then applied to the lesion mask images to put these into standard space. All registrations were checked visually to ensure there was no gross failures of alignment. Lesion mask images in standard space were binarised (i.e. all segmented voxels within the traced regions of interest were considered). Voxelwise statistics were then carried out to give lesion probability maps at each standard space voxel. Within these maps, the probability of finding a lesion in any given voxel is defined by the relative voxel intensity. Modelling and inference using standard general linear model design set-up was accomplished using permutation-based cluster analysis [24] as implemented in FMRIB's Software Library (FSL) [26] .
Permutation-based nonparametric inference (similar to the bootstrap approach) is used for inference on statistic maps when the null distribution is not known [24] . This enables one to carry out accurate inference (i.e., thresholding correctly at a given probability level) for cases where the data and/or pre-thresholding analysis methodology used does not allow simple direct approaches (such as turning true t-values directly into p-values). 5000 permutations were randomly generated when building up the nulldistribution to test against.
We characterised the spatial deployment of white matter lesions in various groups at two levels. First, we used lesion probability maps by combining the lesion segments over subjects. These are reported descriptively to quantify the spatial profile of lesion occurrence in each group. Second, we tested for regionally specific differences in the expression of lesions among different groups using voxel-based morphometry. This involved comparison of the mean lesion load at each voxel from two groups using non-parametric techniques. We compared subjects with punctuate lesions (WMH grade 1; n=143) and subjects with early confluent and confluent lesions (WMH grades 2 and 3; n=33). In addition, we compared young and old subjects (dichotomised by the median = 61 years) and subjects with and without a diagnosis of arterial hypertension (n = 99 and 90) to show that differences between punctate and early confluent / confluent lesions exhibit a distinct and regionally specific effect that may be etiologically important.
Clusters were formed according to a defined threshold and corrected for multiple comparisons (across space) within the permutation framework by building up the null distribution of the maximum cluster size (for each permutation). Multi-scale smoothing was applied (0, 1.5, 2, and 4 mm WHM) in order to allow smoothing to match signal [25] with appropriate correction for multiple comparisons. This scale-space search or multi-smoothing component is a very important part of our analysis. The size of the smoothing kernel determines the scale at which inferences about the differences in regional lesion-load are expressed. This can be seen by noting that, after smoothing, the lesion maps correspond to a weighted average lesion-load in the area under the smoothing kernel or filter. A scale-search space, of the sort that we have employed, involves testing for differences at each point in the brain and at a series of different smoothnesses. From the raw timage, at each spatial smoothing scale, clusters were defined and each cluster is size was converted into a p value through the use of the permutation testing (i.e. testing against the null distribution of maximum cluster size over space, and hence fully correcting for multiple comparisons). The optimal p over different scales was then kept. 
Results
We observed typical distributions of WMH in the cerebral white matter, with lesion clusters around the anterior and posterior horns of the lateral ventricles and in the centrum semiovale. The Fig. 1a and 1b show maps of the sample proportion of patients with a WMH at that voxel in standard space (generating lesion probability maps or LPM), with subjects grouped according to lesion classifications (i.e. WMH grades) on the individual scans. In these LPM representations, the voxel intensity characterises the probability of finding a lesion in that voxel across the study population (the color bar denotes the probability).
Lesions were localised more consistently in patients with confluent lesions. The maximum local probability for lesions in subjects with WMH scores 2 and 3 was almost ten times higher (peak probability: 45%; Fig. 1b ) than in subjects with WMH score 1 (peak probability~5%, Fig. 1a) . A two-sample t test comparing the proportion of WMH at each voxel between the two groups identified specific white matter areas to be significantly more frequently involved in subjects with early confluent and confluent relative to the punctate lesions (significant clusters, p<0.01 corrected; Figs. 1c and 1d) . These areas corresponded anatomically to the watershed zones between the vascular territories of the middle cerebral artery, the perforators from the internal carotid and basilar arteries, and the anterior cerebral artery.
To test if these differences could simply be explained by two factors which have been reported previously to increase both frequency and extent of WMH, we generated similar images of t-statistics dichotomising by age and hypertension. Although there was a greater abundance of WMH in older individuals, differences in distribution between older (mean age 66.1±3.7 years) and younger patients (mean age 55.9±3.5 years) were only significant for comparatively small white matter areas abutting the posterior horns of the lateral ventricles (significant clusters, p<0.01 corrected; Fig. 1e ).
Only small differences in a similar distribution were found between WMH LPM generated from subjects with a diagnosis of arterial hypertension (mean blood pressure 152.3+/)17.7 to 91.8+/)7.7 mmHg) and subjects without a diagnosis of arterial hypertension (mean blood pressure 123.3+/)9.5 to 78.6+/)4.3 mmHg) (significant clusters, p<0.01 corrected; Fig. 1f) . Thus, the factors age and hypertension did not explain the differences in lesion patterns found for the different groups defined by WMH grade (Figs. 1c and 1d ).
Discussion
Using lesion probability maps which directly represent consistent image changes across groups of subjects, we have been able to confirm the distribution pattern of WMH reported by expert readers on the basis of observations of individual subject scans [21] .
The spatial distribution of WMH in our study cohort also closely resembles the patterns of WMH distribution recently observed by other groups using similar mapping techniques [12, 13] . In addition, we dichotomised LPM on the basis of lesion appearances to check for differences in lesion distributions with low and high lesion loads and found significant differences. Punctate WMH were observed in a more diffusely scattered pattern, reflected by a low local peak probability. In contrast, early confluent and confluent WMH followed a more consistent pattern. A direct contrast between the two groups showed that lesions were significantly more frequently found in arterial watershed regions in subjects with early confluent and confluent white matter disease. Interestingly, there also was only incomplete overlap between individual lesions in subjects with punctate WMH and those with confluent WMH.
If punctate and confluent lesions exclusively represent the result of a common process with confluent lesions evolving from punctate changes, then exactly identical lesion distributions would be expected. On the basis of this cross-sectional ''snap-shot'' of lesion distributions with different lesion appearances, it appears that this is only true for a specific subset of punctate lesions, i.e. those that are located in the white matter abutting the occipital horns of the ventricles and within watershed regions of the centrum semiovale. These punctate lesions might therefore represent ''crystallisation points'' for confluence of lesions.
For the remainder of punctate lesions, no direct association with subsequent confluency can be assumed which would appear to indicate etiological heterogeneity of punctate WMH in this older population. A difference in etiology also is suggested by an earlier correlative imaging and histopathological study [2] which provided evidence that punctate WMH correspond to a range of minor pathological changes of predominantly non-ischemic origin, while larger, confluent WMH have an identifiable ischemic component. Consistent with this, longitudinal observations show substantial progression of lesions only in subjects with confluent WMH at baseline [3] . Different relations between cardiovascular risk factors and worsening of WMH with different WMH grades at baseline have also been reported by others [27] .
As demonstrated previously [14] [15] [16] [17] , we also found more frequent WMH with ageing and hypertension. However, in our study, these factors appeared to be weaker independent determinants compared with the rated WMH score and changes were confined to white matter regions abutting the posterior horns of the lateral ventricle. A visual check for periventricular areas of relative atrophy made sure that reported lesion density changes did not fall close to the atrophy change regions. Because our study participants were ''healthy'' community-dwelling subjects and a high proportion of these were on antihypertensive treatment, possible differences with these contrasts may have been reduced. The methodological impossibility of isolating single risk factors and also the interactions between commonly co-expressed traits also may have obscured potential differences. Nonetheless, the factors age and hypertension do not appear to have contributed significantly to the differences in lesion distributions found between different WMH grades.
Caveats that need to be considered when interpreting our results include that the contrast created between subjects according to WMH grade was based on unequal and (in the case of subjects with confluent lesions) relatively low numbers of subjects. This limited sample of subjects with more severe white matter damage could have influenced our results. Maps of the sample proportion of patients with a WMH at a given voxel in standard space for punctate lesions (a: blue overlays) and early confluent to confluent lesions (b: red overlays). Early confluent and confluent WMH are distributed in a more consistent pattern (45% peak probability) compared to the more diffuse distribution of punctate lesions (5% peak probability). The color bar denotes the probability. (c) Images of t statistics show significant differences between the spatial distribution of punctate and confluent lesions for frontal white matter areas, lesions in paraventricular location and within the centrum semiovale (significant clusters, p<0.01 corrected). (d) Sagittal and coronal views of this t-statistics map (defined by the cross-hair shown) illustrate the preferential localisation of more confluent lesions in watershed regions. (e, f) White matter areas abutting the posterior horns of the lateral ventricles are significantly more likely to be involved in older than in younger individuals (e) and in hypertensive compared to normotensive subjects (f; significant clusters, p<0.01 corrected) b A lower sample size could translate to less probability for variance within a group relative to the bigger sample of subjects with punctate lesions. However, one of the advantages of permutation methods lies in their applicability even when the assumptions of a parametric approach are untenable [24] . Also, by definition, WMH grades 2 and 3 comprise larger lesions, which might have affected the estimation of lesion probabilities. Intuitively, as more widespread (i.e., confluent) lesions tend to occupy a larger number of voxels, an intrinsically higher likelihood for overlap between subjects in individual voxels must be expected. It is not inconceivable that this relationship might be a major determinant of the differences observed in the t-tests between groups. Also, different vascular mechanisms (such as atherosclerosis and microangiopathy) might have contributed to differences in WMH patterns. However, in this study population of normal elderly volunteers, the frequency of hemodynamically significant carotid stenosis is below 5%, which clearly limits a possible pathogenetic impact or modulation of the effect of risk factors. Similarly, the overall prevalence of diabetes in our cohort is low (4.8%). Unfortunately, the present dataset therefore does not allow testing such hypotheses. Further, it needs to be noted that regular caps around the frontal horns, ventricular linings, bands or halos abutting the ventricles deliberately have not been considered in our analyses, as they have been shown to represent anatomical variants [2] . Also, we did not include signal changes in the pons or basal ganglia in our analyses.
In summary, this study extends previous neuropathological and imaging data [2, 3] to provide new evidence that confluent white matter lesions evolve from only a portion of punctate abnormalities, most likely because the latter are heterogeneous in etiology. Our findings strongly suggest a pathological pattern of confluent WMH associated with clustering around watershed regions, consistent with effects of chronic hypoperfusion. As these confluent lesions appear to have a prominent ischemic component, we suggest that future interventional trials to limit cerebral small-vessel disease [6] should focus on patient subgroups defined by these WMH grades.
